Recent studies indicate that bipolar disorder is associated with mitochondrial dysfunction and oxidative stress. Previous studies in our laboratory have shown that the mood stabilizer lithium inhibits oxidative stress. The a,b-unsaturated aldehyde 4-hydroxy-2-nonenal (4-HNE), a major product of lipid peroxidation, is able to exert cytotoxicity and disturb cellular function by forming protein adducts. The purpose of this study is to determine whether chronic lithium treatment prevents 4-HNE-protein adduction in an amphetamine-induced hyperactive mania-like model. We found that repeated amphetamine stimulation significantly induced hyperactive behaviour, decreased activities of mitochondrial complexes I and III, and increased 4-HNE-protein adducts in rat frontal cortex, and that chronic lithium treatment inhibited both amphetamine-induced hyperactivity and 4-HNE-protein adduction. Monoamine neurotransmitters are involved in the aetiology and pathology of bipolar disorder and other psychiatric diseases, and also contribute significantly to amphetamine-induced behavioural effects. Vesicular monoamine transporter 2 (VMAT2) is critical in packaging monoamine neurotransmitters. We found that 4-HNE can form protein adducts with VMAT2. Repeated amphetamine stimulation significantly increased 4-HNE-VMAT2 adducts, while chronic lithium treatment reduced amphetamine-increased 4-HNE-VMAT2 adducts in rat frontal cortex. Our findings suggest that chronic lithium treatment may inhibit amphetamine-induced hyperactive mania-like behaviour by preventing 4-HNE-VMAT2 adduction. This finding also indicates that prevention of 4-HNE-VMAT2 adduction may contribute in part to the pharmacological action of lithium for the treatment of bipolar disorder.
Introduction
Bipolar disorder (BD) is a chronic illness with recurring episodes of mania and depression affecting approximately 1.5 % of the population. Lithium is the most commonly used mood-stabilizing agent for the treatment of BD, and is useful both for treatment of acute manic episodes and for prophylaxis against future episodes. It is widely acknowledged that chronic treatment with lithium is required to generate therapeutic effects, to improve the course of illness and prevent relapses of mania and depression. Although many studies have shown that lithium targets various cellular components including glycogen synthase kinase-3 (GSK3), Akt, inositol phosphatases and others, the relationship between these targets and lithium's therapeutic effect are not yet fully clear. A growing body of evidence shows that chronic lithium treatment is neuroprotective both in vitro and in vivo (Rowe & Chuang, 2004 ; Schloesser et al. 2008) and this neuroprotective mechanism is currently undergoing extensive study. Previously we found that chronic treatment with lithium inhibited oxidative damage to lipid and protein in primary cultured rat cerebral cortical cells (Shao et al. 2005 ; Wang et al. 2003) . A number of independent laboratories also found that chronic lithium treatment reduced hydrogen peroxide radical-induced cytochrome c release, caspase-3 activation and cell death in human neuroblastoma cells and murine hippocampal cells (King & Jope, 2005 ; Lai et al. 2006 ; Schafer et al. 2004) . These studies suggest that chronic lithium treatment produces a neuroprotective effect against oxidative stress.
The a,b-unsaturated aldehyde 4-hydroxy-2-nonenal (4-HNE) is a major product of lipid peroxidation. 4-HNE not only is toxic to cells, but also reacts with many proteins to form 4-HNE-protein adducts, further affecting the function of these proteins (Petersen & Doorn, 2004) . Recently, we found that 4-HNEprotein adducts are increased in post-mortem brain of subjects with BD and schizophrenia compared to controls (Wang et al. 2009 ), indicating that 4-HNEinduced protein modification has an important role in the pathological progress of these psychiatric diseases.
Amphetamine, as a psychostimulant, can induce hyperactivity, enhanced mood, racing thoughts, high energy and restlessness that are similar to symptoms of psychotic mania (Gerner et al. 1976 ; Jacobs & Silverstone, 1986) . Considering the difficulty of modelling the highly complex mood-swinging nature of BD, amphetamine-induced hyperactivity has been used to analyse the efficacy of anti-manic treatments, even though hyperactivity occurs not only in BD but also in other disorders Machado-Vieira et al. 2004) . It has been reported that lithium treatment reduces both single and repeated administration of low-dose amphetamine-induced hyperactivity in rats (Correa et al. 2007 ; Cox et al. 1971 ; Frey et al. 2006 ; McNamara et al. 2008 ; Valvassori et al. 2010) . However, repeated administration of amphetamine has consistently been reported to induce oxidative stress (Andreazza et al. 2008 ; Frey et al. 2006) .
Monoamine neurotransmitters are involved in the aetiology and pathology of BD and other psychiatric diseases (Carlborg et al. 2011 ; Cousins et al. 2009 ; Hirschfeld, 2000 ; Wiste et al. 2008) , and also contribute significantly to amphetamine-induced behavioural effects (Robertson et al. 2009 ; Rothman & Baumann, 2006) . These neurotransmitters are synthesized by cytosolic enzymes, and then packed into synaptic vesicles. Vesicular monoamine transporter 2 (VMAT2) is responsible for the packaging process of monoamine neurotransmitters (Guillot & Miller, 2009) . In the present study we determine whether repeated amphetamine stimulation increases adduction of 4-HNE with VMAT2 in rat frontal cortex and whether chronic lithium treatment prevents formation of 4-HNEprotein adducts in the amphetamine-induced hyperactive mania-like animal model.
Materials and methods

Animal treatment
Male Sprague-Dawley rats (Charles River, Canada) weighing approximately 230-270 g were fed normal chow or chow containing 0.24 % Li 2 CO 3 by weight (BioServ, USA) for 3 wk. Beginning at day 8, rats were given an intraperitoneal (i.p.) injection of vehicle or amphetamine at 2 mg/kg daily for 2 wk. Two weeks' treatment with amphetamine at this dose has been reported to increase levels of malondialdehyde, another lipid peroxidation product (Andreazza et al. 2008 ; Frey et al. 2006) . Chow was available to animals ad libitum, along with 0.9 % saline and regular drinking water to prevent dehydration. Rats were weighed every other day (before treatment : control group 246¡6 g, lithium group 248¡7 g, amphetamine group 248¡9 g, and lithium+amphetamine group 251¡8 g; after treatment : control group 333¡21 g, lithium group 305¡17 g, amphetamine group 325¡16 g, and lithium+amphetamine group 312¡19 g). Blood was collected to measure serum lithium levels. Serum lithium level testing was performed by Vancouver Coastal Health laboratory. There were no detectable lithium levels in the control and amphetamine treatment groups. Serum lithium concentrations were 0.68¡0.17 mM in the lithium treatment group and 0.55¡0.08 mM in the lithium+amphetamine treatment group, which are within the therapeutic range of the drug. All experiments followed the guidelines of the University of British Columbia Animal Care Committee and the Canadian Council on Animal Care.
Open-field test
Locomotor activity was monitored in an open field consisting of a black Plexiglas square box (50r50r 50 cm). Open-field test was performed in the morning. Before any behavioural tests, all animals were first handled in the colony room for 5 min daily for 3 d, and then placed individually in the box for 30 min daily for another 2 d before the drug injection procedure began in order to become habituated to testing boxes. Locomotor activity was analysed 2 h after the last injection with normal saline or amphetamine. Rat locomotor activity was recorded with a video camera connected to Ethovision Video Tracking System software Noldus XT5.1 (Noldus Information Technology Inc., USA). This software is able to record and track the distance travelled of each rat during the behavioural test.
Immunohistochemistry
Rats were anaesthetized with urethane and perfused transcardially with 250 ml of 100 mM phosphate buffered saline (PBS) (pH 7.4) at room temperature, followed by 4 % paraformaldehyde in PBS. The brain was then removed, post-fixed in the same paraformaldehyde solution overnight at 4 xC, and transferred into 30 % sucrose at 4 xC until the brain sank to the bottom of the container. The brains were then sectioned coronally at x18 xC using a cryostat (Leica Microsystems, Germany), and 30-mm thick coronal sections were collected from the levels of anterior cingulate cortex, prelimbic cortex and infralimbic cortex according to a rat brain atlas (Paxinos & Watson, 1998) . The tissue sections were kept in a cryoprotectant solution containing 50 mM PBS, 25 % ethylene glycol and 25 % glycerol. The sections were mounted on glass slides (Fisher Scientific, Canada) . Each slide contained corresponding sections from one animal in each treatment group (control, lithium, amphetamine, amphetamine+lithium groups) to allow comparisons across groups and minimize differences in background. Slides were then air-dried, washed with PBS three times, and immediately used in immunohistochemistry.
Tissue sections were blocked with 5 % normal goat serum with 0.3 % Triton X-100 for 1 h at room temperature. The sections were labelled with a polyclonal antibody for 4-HNE-protein adducts (QED Bioscience Inc., USA), or double-labelled with an antibody for 4-HNE-protein adducts and a monoclonal antibody for neuronal marker NeuN [or a monoclonal antibody for astrocyte marker glial fibrillary acidic protein (GFAP)] at 4 xC overnight (Chemicon International, USA). After washing with PBS, sections were further incubated with Alexa-568 conjugated anti-goat IgG (Invitrogen Canada Inc., Canada) or Alexa-488 conjugated anti-mouse IgG (Invitrogen) for 2 h at room temperature. Then the sections were washed with PBS and coverslipped using fluorescent antifade mounting media (Invitrogen).
Images were captured in anterior cingulate cortex, prelimbic cortex or infralimbic cortex at 40r magnification using an Eclipse E600 microscope with NISElements Advanced Research v. 3.0 software (Nikon Canada, Canada). The intensity value of each positively labelled cell for each brain region was collected. Regions without fluorescence staining served as background. All images were captured with uniform threshold and intensity settings. Fluorescence intensities of each brain region for every slide were calculated as follows :
Fluorescence intensity= (intensity of cell 1 x intensity of background) + (intensity of cell 2 xintensity of background) + . . . + (intensity of cell n xintensity of background) Three adjacent sections were processed and evaluated for each rat.
Preparation of P2 fraction
Rat frontal cortex was homogenized in 10 : 1 (v/w) icecold isolation buffer containing 0.32 M sucrose, 5 mM Hepes, 1 % (v/v) protease inhibitor cocktail (Cayman Chemical Company, USA) and centrifuged at 1000 g for 10 min at 4 xC. The supernatant was collected and centrifuged again at 30 000 g for 30 min at 4 xC. The supernatant was discarded, while the precipitate (P2) enriched with synaptosomes and mitochondria was resuspended either in a buffer containing 0.21 M mannitol, 0.07 M sucrose, 10 mM Tris-HCl (pH 7.4) (used for enzyme assay) or lysed on ice in lysis buffer containing 1 % Triton X-100, 50 mM Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 % sodium deoxycholate, 0.1 % SDS and protease inhibitor cocktail (used for immunoprecipitation and immunoblotting analysis).
Analysis of mitochondrial complexes I and III activities
Complex I activity was analysed by measuring NADH oxidation. Sixyty-five ml of P2 extraction, 15 ml of 0.5 mM NADH, 10 ml of 0.5 mM CoQ1 and 10 ml of assay buffer [50 mM KCl, 10 mM Tris-HCl, 1 mM EDTA, 2 mM KCN (pH 7.4)] were mixed, incubated at 30 xC and recorded at a 340 nm vs. time for 5 min with a spectrophotometer. Rotenone is an inhibitor of complex I. The rotenone insensitive activity was determined simultaneously with 10 ml of 10 mM rotenone in the reaction mixture. Complex I activity was calculated as total enzyme activity minus rotenone insensitive enzyme activity. Complex III activity was determined by measuring the reduction of cytochrome c. Forty ml of P2 extraction, 40 ml of 0.25 mM cytochrome c, 40 ml of the reaction mixture [containing 0.25 mM decylubiquinol, 20 mM NaN 3 and 250 mM Tris-HCl (pH 7.4)] were mixed, incubated at 30 xC and recorded at a 550 nm vs. time for 5 min with a spectrophotometer. Antimycin A is an inhibitor of complex III. The Antimycin A insensitive activity was determined simultaneously with 10 mM antimycin A present in the reaction mixture. Complex III activity was
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Immunoprecipitation and immunoblotting analysis
Immunoprecipitation was performed using crude synaptosomal P2 fractions obtained from rat frontal cortex. P2 fractions were incubated with an antibody for VMAT2 (Millipore Corporation, USA). Immunoprecipitated proteins were further incubated with Protein A/G beads (Santa Cruz Biotechnology, USA) overnight at 4 xC. Protein A/G beads were then washed in cold lysis buffer. Immunoprecipitated proteins were eluted with loading buffer containing 100 mM Tris-HCl (pH 6.8), 4 % SDS, 0.2 % Bromophenol Blue and 20 % glycerol.
Immunoprecipitated proteins or lysated P2 fractions were run on a SDS-PAGE with 10 % acrylamide gel for 1.5 h at 100 V and transferred to polyvinylidene fluoride (PVDF) membranes at 110 V for 1.5 h. The membranes were then blocked with 5 % milk in PBS for 1 h at room temperature, incubated with an antibody for 4-HNE-protein adducts or VMAT2 overnight at 4 xC, and further incubated for 2 h at room temperature with a secondary antibody conjugated to horseradish peroxidase. Immunoreactive bands were detected with the enhanced chemiluminescence reagent (PerkinElmer, Canada). The membranes were imaged with a Fujifilm LAS-3000 system (Fujifilm Medical Systems USA Inc., USA) and analysed by Gene Tool software (PerkinElmer). When 4-HNE-VMAT2 adductions were quantified, the membranes probed with an antibody for 4-HNE-protein adducts were stripped and re-probed with an antibody for VMAT2 for checking loading control.
Statistical analysis
Statistical analysis was performed using SPSS 16 software (SPSS Inc., USA). All results were expressed as mean¡standard error of the mean. Locomotor activity was quantified as distance travelled. The distance travelled by each rat in 5-min blocks of time over 1 h was calculated and analysed by two-way repeatedmeasures analysis of variance (ANOVA) using treatment group as the between-subjects factor and time as the repeated measure. Significant differences between treatment groups were determined by a post-hoc LSD test. Total distance travelled among groups within 1 h was analysed by one-way ANOVA followed by a post-hoc LSD test. The results from immunohistochemistry and immunoblotting analysis were also analysed by one-way ANOVA followed by a post-hoc LSD test. Statistical significance was set as p<0.05.
Results
Chronic treatment with lithium reduced hyperactivity induced by repeated amphetamine stimulation
Rats were chronically treated with lithium for 21 d. Beginning at day 8, rats also received vehicle or amphetamine at 2 mg/kg (i.p.) once daily for 14 d. Two-way repeated-measures ANOVA indicated a significant effect of group [F(3, 28) (Fig. 1 a) . Post-hoc analysis indicated that chronic treatment with lithium reduced hyperactivity induced by repeated amphetamine stimulation (p<0.05). Further, the total distance travelled within 60 min was also calculated. We found a significant difference in total distance travelled among control, lithium, amphetamine and lithium+ amphetamine treatment groups [F(3, 28)=165.3, p<0.05] (Fig. 1 b) . Post-hoc analysis showed that repeated amphetamine stimulation significantly increased the total distance travelled compared to controls (p<0.05), while lithium treatment significantly reduced the amphetamine-increased total distance travelled (p<0.05).
Chronic treatment with lithium reduced 4-HNE-protein adducts increased by repeated amphetamine stimulation
Using double staining with 4-HNE-protein adducts antibody and NeuN antibody or GFAP antibody, we found that 4-HNE-protein adducts were predominately in neurons in the rat frontal cortex (Fig. 2 a) , therefore we solely analysed neuronal 4-HNE-protein adducts in further experiments. As shown in Fig. 2 Post-hoc analysis showed that repeated amphetamine stimulation significantly decreased activities of complex I activity (p<0.05) and complex III activity (p<0.05) compared to controls. However, chronic treatment with lithium did not produce any effect on either basal activities of complexes I and III or amphetamine-decreased activities of complexes I and III (Fig. 3 ).
Chronic treatment with lithium reduced 4-HNE-VMAT2 adducts increased by repeated amphetamine stimulation
It has been shown that amphetamine regulates monoamine neurotransmitters (Robertson et al. 2009 ; Rothman & Baumann, 2006) . Because VMAT2 plays a critical role in monoamine neurotransmitter packing, we used immunoprecipitation to examine whether amphetamine-increased 4-HNE-protein adduction with VMAT2 in rat frontal cortex. First, we determined if 4-HNE directly forms protein adducts with VMAT2. P2 fraction from rat frontal cortex was immunoprecipitated using an antibody for VMAT2. Immunoprecipitated proteins were further treated with 100 mM 4-HNE for 1 h and 4-HNE-protein adducts in immunoprecipitated proteins were examined by immunobloting analysis using an antibody for 4-HNE adducts. As shown in Fig. 4 a, 4-HNE can form protein adducts with VMAT2 in rat frontal cortex. Second, we examined if treatments with amphetamine and lithium affect 4-HNE-VMAT2 adducts. P2 fraction from rat frontal cortex was immunoprecipitated using an antibody for VMAT2 and immunoprecipitated proteins were further examined by immunobloting analysis using an antibody for 4-HNE adducts. We found a significant difference in levels of 4-HNE-VMAT2 adducts [F(3, 28)=3.2, p<0.05] among control, lithium, amphetamine and lithium+amphetamine treatment groups in rat frontal cortex. Post-hoc analysis showed that repeated amphetamine stimulation significantly increased levels of 4-HNE-VMAT2 adducts (p<0.05) (Fig. 4 b, c) . Although chronic lithium treatment did not affect basal levels of 4-HNE-VMAT2 adducts, this treatment significantly decreased levels of 4-HNE-VMAT2 adducts (p<0.05) induced by amphetamine stimulation (Fig. 4 b, c) . Third, we also found that treatment with either amphetamine or lithium did not affect proteins levels of VMAT2 (Fig. 5) .
Discussion
In the present study, we found that chronic treatment with the mood stabilizer lithium at a therapeutically relevant concentration decreased repeated amphetamine stimulation-increased locomotor activity. This result is consistent with previous findings (Correa et al. 2007 ; Frey et al. 2006 ; Valvassori et al. 2010) and also supports the view that the amphetamine-induced hyperactive mania-like model has a good predictive validity. 4-HNE, as a major product of the lipid peroxidation process, can modify various proteins by reacting with cysteine, histidine or lysine residues to form 4-HNE-protein adducts (Petersen & Doorn, 2004) . We found that 4-HNE-protein adducts are predominantly located in neurons, not glia, which may be due to the fact that glial cells contain high levels of endogenous antioxidants (Bolanos et al. 1995 ; Dringen & Hirrlinger, 2003 ; Oshiro et al. 2000) . Therefore, glial cells are more resistant to oxidative stress than neuronal cells. We found in rat medial frontal cortex that repeated amphetamine stimulation increased 4-HNEprotein adducts, while chronic lithium treatment decreased amphetamine-induced 4-HNE-protein adducts. (a) Determining if 4-HNE forms protein adducts with VMAT2. P2 extracts from rat frontal cortex were immunoprecipitated (IP) using an antibody for VMAT2. IP proteins were then incubated with vehicle (x) or 100 mM 4-HNE (+) for 1 h. 4-HNE-treated IP proteins were analysed using Western blot (WB) analysis with an antibody for 4-HNE-protein adducts or VMAT2.
(b, c) Determining the effect of Li on Amph-increased 4-HNE-VMAT2 adducts. Rats were fed with normal chow (Con) or Li chow for 3 wk. At day 8, rats were also given Amph at 2 mg/kg (i.p.) daily for 14 d. P2 extracts from rat frontal cortex were immunoprecipitated using an antibody for VMAT2, followed by WB analysis to detect 4-HNE-VMAT2 adducts using an antibody for 4-HNE-protein adducts. Membranes were then stripped and re-probed with an antibody for VMAT2 for checking loading control. Results are the mean¡S.E.M. (n=8). * Indicates p<0.05, ANOVA followed by post-hoc analysis. on protein levels of VMAT2 in rat frontal cortex. Rats were fed with normal chow (Con) or Li chow for 3 wk. At day 8, rats were also given Amph at 2 mg/kg (i.p.) daily for 14 d. Protein levels of VMAT2 were determined in P2 extracts from rat frontal cortex using immunoblotting analysis with an antibody for VMAT2. Housekeeping protein b-actin was used as loading control. Results are the mean¡S.E.M. (n=8). * Indicates p<0.05, ANOVA followed by post-hoc analysis.
We found previously that chronic lithium treatment protected cultured rat cerebral cortex cells from lipid peroxidation (Shao et al. 2005 ; Wang et al. 2003) . These findings suggest that chronic lithium treatment produces a neuroprotective effect against oxidative stress, further preventing oxidative stress-induced protein modification. The decrease by chronic lithium treatment of both hyperactive mania-like behaviour and oxidative stress-induced protein modification suggests that a property of neuroprotection against oxidative stress may contribute in part to lithium's mood-stabilizing pharmacological action. Mitochondria, enriched in presynaptic terminals, produce most cellular ATP and buffer excesses of cytoplasmic calcium. Mitochondrial complexes I and III are the main sites where electrons are leaked to oxygen, producing superoxide radicals (Nohl et al. 2005) . Superoxide radicals are further dismutated by superoxide dismutase to hydrogen peroxide radicals that produce highly reactive hydroxyl radicals under the Fenton reaction (Maher & Schubert, 2000) . We found here that repeated amphetamine stimulation decreased activities of complexes I and III in P2 fractions enriched with mitochondria and synaptosomes from rat frontal cortex. Previously, amphetamine treatment was reported to decrease the mitochondrial membrane potential in cultured rat cortical cells (Cunha-Oliveira et al. 2006) and decrease expression of 39 kDa complex I subunit in SK-N-SH human neuroblastoma cells (Klongpanichapak et al. 2008) . These studies together suggest that amphetamine stimulation may induce mitochondrial dysfunction, resulting in accumulation of ROS. Oxidation of monoamine neurotransmitters catalysed by monoamine oxidases has been known to increase ROS production (Yamamoto & Raudensky, 2008) . In addition, dopamine auto-oxidation can result in ROS production and reactive quinones (Miyazaki & Asanuma, 2008) . Mitochondrial dysfunction, enzymatic oxidation of monoamine neurotransmitters and dopamine auto-oxidation may contribute to amphetamineinduced oxidative damage to lipids, resulting in increased 4-HNE levels. In the current study, we also found that chronic treatment with lithium at a therapeutically relevant concentration neither altered basal activities of complexes I and III nor prevented amphetamine-decreased activities of complexes I and III. This result suggests that lithium may not directly target mitochondrial complexes but instead may regulate the downstream targets of dysfunctional complexes I and III in order to prevent oxidative stress. Previously, we found that chronic lithium treatment increased expression and activity of glutathione S-transferase type 4 (GSTA4) (Shao et al. 2008) . Because GSTA4 specifically catalyses conjugation of 4-HNE with glutathione to scavenge 4-HNE (Awasthi et al. 2004) , our studies suggest that chronic lithium treatment may prevent amphetamine-induced 4-HNEprotein adduction by targeting GSTA4. Lithium is also known to inhibit GSK3b (Klein & Melton, 1996) . GSK3b has been reported to inhibit antioxidant responsive element (ARE)-driven gene expression, and further promote oxidative stress (Rojo et al. 2008 ; Salazar et al. 2006) . It is interesting that GSTA4 expression can be transcriptionally induced through ARE (Tjalkens et al. 1998) . It is possible that inhibition of GSK3b by lithium may further increase expression of GSTA4 expression via ARE and subsequently prevent 4-HNE-VMAT2 adduction. Arachidonic acid is a polyunsaturated fatty acid contained in membrane phospholipids that is abundant in the brain. Oxidation of arachidonic acid and its metabolites can generate 4-HNE and other cytotoxic aldehydes. Recently, amphetamine stimulation has been reported to increase D 2 dopamine receptor-mediated arachidonic acid release in rat brain, while chronic treatment with lithium can inhibit this action (Basselin et al. 2005 ; Bhattacharjee et al. 2006) . Therefore inhibition of arachidonic acid release by lithium may also prevent 4-HNE-protein adduction. A clear understanding of the protective mechanism of lithium against 4-HNEprotein adduction requires further investigation.
Evidence indicates that free radicals are able to react with many amino acids and induce oxidative posttranslational protein modification. Hydroxyl radicals can cause protein carbonylation by introducing carbonyl groups to lysine, proline, arginine, and threonine residues of proteins, while 4-HNE can also introduce carbonyl groups into proteins by forming 4-HNE-protein adducts. Peroxynitrite radicals can induce tyrosine nitration, and nitrogen oxide radicals induce cysteine nitrosylation (Grimsrud et al. 2008 ; Stadtman, 2006) . VMAT2 is critical for the packaging of monoamine neurotransmitters, and contributes to amphetamine-induced pharmacological action. Previously, free radicals have been found to oxidatively modify VMAT2. Rotenone, a mitochondrial complex I inhibitor, has been shown to increase tyrosine nitration of VMAT2 in human dopaminergic SH-SY5Y cells, subsequently inducing dopamine redistribution from vesicles to the cytosol (Watabe & Nakaki, 2008) . Cysteine residues of VMAT2 in rat striatal vesicles have also been found to be nitrosylated by methamphetamine treatment (Eyerman & Yamamoto, 2007) . We found in the current study that 4-HNE can form adducts with VMAT2. Although amphetamine treatment has no effect on VMAT2 protein levels, this treatment significantly increased 4-HNE-VMAT2 adduction. It has been indicated that amphetamine may increase release of monoamine neurotransmitters partially by interrupting neurotransmitter uptake by the monoamine vesicles, subsequently elevating cytosolic neurotransmitter levels, resulting in neurotransmitter reverse transport out of the nerve terminal (Yamamoto & Raudensky, 2008) . It is possible that oxidative modifications of VMAT2 may mediate amphetamine-interrupted vesicular sequestration of neurotransmitters and subsequently cause increase of neurotransmitters in cytosol. We also found that chronic treatment with lithium inhibited amphetamine-induced 4-HNE-VMAT2 adduction in rat frontal cortex, which suggests that lithium may inhibit amphetamine-induced hyperactive behaviour by preventing oxidative modification of VMAT2.
Increasing evidence suggests that brain mitochondrial dysfunction is associated with BD. This evidence includes decreased ATP, phosphocreatine and pH value, and increased anaerobic glycolysis in BD (Dager et al. 2004 ; Hamakawa et al. 2004 ; Kato et al. 1994 Kato et al. , 1995 . Studies in post-mortem brain tissue have revealed that expression of many mRNAs coding for subunits of mitochondrial complexes I-V is decreased in BD subjects (Konradi et al. 2004 ; Sun et al. 2006) . Recently it has been found that oxidative stress is increased in prefrontal cortex, cingulate cortex and hippocampus of BD and schizophrenia subjects (Andreazza et al. 2010 ; Che et al. 2010 ; Wang et al. 2009 ). Clinical studies also report that treatment with N-acetylcysteine, an orally bioavailable precursor of antioxidant glutathione, as an add-on to the mood stabilizer medication, results in significant pharmacological effects (Berk et al. 2008 ; Magalhaes et al. 2011) . These findings suggest that BD may be associated with mitochondrial dysfunction-induced oxidative stress. Together with our current finding, this also raises the possibility that neuroprotection against oxidative stress is one of the mechanisms for mood-stabilizing action.
Given that we have used repeated amphetamine stimulation-induced hyperactivity as a model for mania, some caution should be considered in the interpretation of our results. BD is a heterogeneous and complex disorder with multiple symptoms, while amphetamine-induced hyperactive behaviour only mimics one aspect of it. In addition, the neurobiology of BD still remains largely unknown, and dysfunctional monoamine neurotransmitter systems may only contribute to a part of its pathological development. Therefore, the neuroprotective mechanism of lithium needs to be further explored in various other maniclike animal models in order to understand the role of neuroprotection against oxidative stress in the pharmacological treatment with lithium for BD.
In conclusion : repeated amphetamine stimulation significantly induced hyperactive mania-like behaviour, decreased activities of complexes I and III, and increased 4-HNE-protein adducts in rat frontal cortex, while chronic lithium treatment inhibited amphetamine-induced hyperactivity and prevented formation of 4-HNE-protein adducts. 4-HNE can also form protein adducts with VMAT2. Repeated amphetamine stimulation significantly increased 4-HNE-VMAT2 adducts, while chronic lithium treatment inhibited amphetamine-induced 4-HNE-VMAT2 adducts in rat frontal cortex. These findings suggest that chronic lithium treatment may inhibit amphetamine-induced hyperactive mania-like behaviour by preventing 4-HNE-VMAT2 adduction. This finding also indicates that prevention of 4-HNE-VMAT2 adduction may contribute in part to the pharmacological action of lithium for the treatment of BD.
